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TITLE OF THE INVENTION ^ 

Optical Fiber 
BACKGROUND OF THE INVENTION 
Field of the Invention 
5 [0001] The present invention relates to an optical fiber. 

Related Background Art 

[0002] Various optical fiber structures have 

conventionally been proposed. Among them, a so-called 
microstructure optical fiber including voids axially 

10 extending therethrough has been known. This optical fiber 

is constituted by a main medium such as silica glass and 
an auxiliary medium such as a gas . Utilizing the refractive 
index difference between the main and auxiliary media, the 
optical fiber regulates the refractive index, thereby 

15 adjusting characteristics such as chromatic dispersion. 

SUMMARY OF THE INVENTION 

[0003] The inventor studied the prior art mentioned above 
and, as a result, has found the following problems . Namely, 
the above-mentioned conventional optical fiber does not have 

20 a configuration in which the average refractive index in 

a cladding decreases stepwise over three or more layers 
toward the radially outer side. Therefore, the degree of 
light spread to outer regions in the cladding does not greatly 
depend on the wavelength, whereby the cladding region great ly 

25 influencing dispersion characteristics is the same 

regardless of the wavelength. Hence, the influence of 
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individual layers on the chromatic dispersion 
characteristic drastically decreases from inner layers to 
outer layers, so that the degree of freedom in adjusting 
the chromatic dispersion and the adjustable wavelength range 
5 are limited. This causes problems in that the wavelength 

range yielding a flattened dispersion in a 
dispersion-flattened fiber is small, and in that the 
wavelength range in which the average dispersion can be made 
lower in a dispersion-compensating fiber is small. Also, 

10 no structures with dispersion nonflatness insensitive to 

scale fluctuations in a waveguide structure have been found. 
It has also been problematic in that production of 
diversified products of dispersion-flattened fibers having 
respective average dispersion values different from each 

15 other is difficult, and in that dispersion-management fibers 

or dispersion-decreasing fibers having a flat dispersion 
over a wide wavelength band are hard to realize. 
[0004] In view of the circumstances mentioned above, it 
is an object of the present invention to provide an optical 

20 fiber which can increase the degree of freedom in adjusting 

chromatic dispersion and the adjustable wavelength range. 
[0005] The present invention provides an optical fiber 
comprising a core region extending along a predetermined 
axis, and a cladding region surrounding the core region. 

25 The cladding region has first to (N+l)-th regions (where 

N is an integer of 2 or greater) such that the first region 
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surrounds the core region, and the ( k+1 ) -th region surrounds 
the k-th region (k=l, 2, . „ . , N+l) . At least one of the first 
to (N+l)-th regions includes, in a main medium having a 
predetermined refractive index, a sub-region made of an 
5 auxiliary medium having a refractive index different from 

that of the main medium. Letting n[0] be the average 
refractive index of the core region, andn[k] (k=l, 2, . .., 
N+l) be the average refractive index of the k-th region, 
this optical fiber satisfies the relationship of 
10 n[0] > n[l], and n[i] > n[i+l] (Vi = h, h+1, 

h+m; where h and m are natural numbers) . 

[0006] In the optical fiber, the cladding region comprises 
at least three layer regions. In the three or more layer 
regions, the spread of light into outer regions increases 

15 as the wavelength is longer. Therefore, the dispersion 

characteristic at a shorter wavelength is inf luencedby inner 
regions, whereas the dispersion characteristic at a longer 
wavelength is influenced by outer regions. This increases 
the degree of freedom in adjusting chromatic dispersion and 

20 the adjustable wavelength range. 

[0007] Preferably, the optical fiber satisfies the 
relationship of n[i] > n[i + l] ( Vi = 0, 1, N). This 

can decrease the change in dispersion nonflatness caused 
by scale variations in the waveguide structure, and increase 

25 the degree of freedom in adjusting chromatic dispersion and 

the adjustable wavelength range. As a result, the 
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dispersion nonf latness caused by fiber diameter variations 
in a predetermined axis direction can be suppressed. Such 
an optical fiber structure is suitable for making a plurality 
of kinds of optical fibers having different average 
5 dispersion values with a flattened dispersion by drawing 

them from a preform while changing the fiber diameter . This 
enables production of diversified products while 
suppressing the increase in cost. Further, such an optical 
fiber structure is suitable for drawing an optical fiber 
10 from a perform while changing the fiber diameter with an 

amplitude above a predetermined value in a longitudinal 
direction, thereby easily making a dispersion-managed fiber 
usable over a wide band. 

[0008] Preferably, the cladding region further comprises 
15 an (N+2)-th region surrounding the (N+l)-th region. 

Preferably, the (N+2)-th and (N+l)-th regions have 
respective average refractive indices n[N+2] and n[N+l] 
satisfying the relationship of n[N+l] < n[N+2]. This 
increases the spread of light into outer cladding regions 
20 at longer wavelengths. This enhances the controllability 

of dispersion characteristic at longer wavelengths, thus 
making it possible to realize a flattened dispersion 
characteristic over a wider wavelength band. 
[0009] Preferably, the main medium is pure silica glass, 
25 or silica glass including at least one of Ge, F, CI, P, N, 

B, Al, Ti, Er, Yb, Nd, Pr, and Bi . Preferably, the auxiliary 



4 



FP03-0173-00 



medium is a vacuum or gas. As a consequence, a wavelength 
band where a flattened dispersion can be realized and a 
wavelength band where transmission loss can be suppressed 
substantially coincide with each other, whereby an optical 
5 fiber having a flattened dispersion and a low loss can be 

realized . 

[0010] Preferably, the optical fiber exhibits a dispersion 
nonflatness of 0.003 ps/nm 2 /km or less at zero dispersion 
in a predetermined wavelength band having a width of at least 

10 50 nm. This can suppress the waveform distortion when 

transmitting an optical signal occupying a wide wavelength 
band, thus making it possible to realize an optical fiber 
suitable for transmitting short-pulse light. 
[0011] Here, the transmission loss in the predetermined 

15 wavelength band is preferably 0.1 dB/m or less. In this 

case, the transmission loss is low in the transmission of 
short-pulse light, so that a long transmission distance can 
be realized, whereby the input optical power required for 
transmission is lowered. As a result, the transmission 

20 quality can be restrained from deteriorating because of 

nonlinear optical effects. 

[0012] Preferably, the optical fiber exhibits a dispersion 
nonflatness of 0.004 ps/nm 2 /km or less in a predetermined 
wavelength band having a width of at least 50 nm, whereas 
25 the chromatic dispersion in the predetermined wavelength 

band is an anomalous dispersion having an average value of 
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+20 ps/nm/km or less. This can realize an optical fiber 
suitable for soliton transmission over a wide band, 
wavelength-division multiplexing transmission (WDM 
transmission) over a wide band, and supercontinuum light 
5 generation over a wide band, 

[0013] Here, the transmission loss in the predetermined 
wavelength band is preferably 0.1 dB/m or less. In this 
case, since the transmission loss is low, the transmission 
distance can be elongated in the WDM transmission or soliton 

10 transmission over a wide band, whereby the optical power 

required for transmission light is lowered. As a result, 
the transmission quality can be restrained from 
deteriorating because of nonlinear optical effects . Also, 
since the transmission loss is low, the required optical 

15 power can be lowered when generating supercontinuum light 

over a wide band. 

[0014] Preferably, the optical fiber exhibits a dispersion 
nonflatness of 0.006 ps/nm 2 /km or less in a predetermined 
wavelength band having a width of at least 50 nm, whereas 

20 the chromatic dispersion in the predetermined wavelength 

band is a normal dispersion having an average value of -20 
ps/nm/km or greater. This can realize an optical fiber 
suitable for WDM transmission over a wide band and 
supercontinuum light generation over a wide band. 

25 [0015] Here, the transmission loss in the predetermined 

wavelength band is preferably 0.1 dB/m or less. In this 
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case, since the transmission loss is low, the transmission 
distance can be elongated in the WDM transmission or soliton 
transmission over a wide band, whereby the optical power 
required for transmission light is lowered. As a result, 
5 the transmission quality can be restrained from 

deteriorating because of nonlinear optical effects. Also, 
since the transmission loss is low, the required input 
optical power can be lowered when generating supercontinuum 
light over a wide band. 

10 [0016] Preferably, in the optical fiber, across-sectional 

area of the sub-region made of the auxiliary medium in a 
cross section perpendicular to a predetermined axis varies 
along the predetermined axis . This can change the chromatic 
dispersion value along the predetermined axis while keeping 

15 the dispersion nonflatness low. This makes it possible to 

realize a dispersion-managed fiber and a 
dispersion-decreasing fiber which are usable over a wide 
band. 

[0017] Preferably, the optical fiber comprises a first 
20 category fiber segment having a dispersion nonflatness of 

0 . 007 ps/nm 2 /kmor less and an anomalous chromatic dispersion 
with an average value of +1 ps/nm/km or greater in a 
predetermined wavelength band having a width of at least 
50 nm, and a second category fiber segment having a dispersion 
25 nonflatness of 0 . 007 ps/nm 2 /kmor less and a normal chromatic 

dispersion with an average value of -1 ps/nm/km or less in 
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the predetermined wavelength band. This can realize a 
dispersion-managed fiber which can suppress the 
transmission quality deterioration caused by nonlinear 
optical effects and chromatic dispersion over a wide band 
5 in the WDM transmission and soliton transmission. 

[0018] Preferably, the optical fiber comprises a fiber 
segment having one end and the other end. Preferably, the 
fiber segment exhibits a dispersion nonflatness of 0.007 
ps/nm 2 /km or less in a predetermined wavelength band having 

10 a width of at least 50 nm. Preferably, a chromatic dispersion 

at a predetermined wavelength at one end is an anomalous 
dispersion of +1 ps/nm/km or greater. Preferably, the 
chromatic dispersion continuously decreases from one end 
to the other end. Preferably, the other end exhibits a 

15 chromatic dispersion not greater than half of that at one 

end at the predetermined wavelength. This can realize a 
dispersion-decreasing optical fiber suitable for 
generating supercontinuum light with a high coherence over 
a wide band. 

20 [0019] Preferably, letting D (A) be the chromatic 

dispersion with respect to each wavelength A included within 
a predetermined wavelength band having a width of at least 
250 nm, and F(A) be the function defined by 
F (A) = aA -4 + bA -2 + c + dA 2 + eA 4 
25 a = -24.495 [ps/nm/km/um" 4 ] 

b = -54.564 [ps/nm/km/ijm" 2 ] 
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c = 35.069 [ps/iun/km] 

d = 1,8867 [ps/nm/km/iam 2 ] 

e = 0.80887 [ps/nm/km/pm 4 ] , 

a function G(A, x) is defined as 
5 G(A, x) = | (F (A) + xD(A))/(l + x) | , and 

the optical fiber gives a positive number x satisfying 
the relationship of G (A, x) < 0.25 [ps/nm/km] . As a 
consequence, the chromatic dispersion of a single-mode 
optical fiber substantially given by the function F(A) can 
10 be compensated for over a wide range. Such a single-mode 

optical fiber is widely used in practice as an optical fiber 
defined by ITU-T G. 652. 

[0020] Preferably, the optical fiber exhibits a 
transmission loss of 0.1 dB/m or less in the predetermined 

15 wavelength band. Since the transmission loss is low in this 

case, the amount of compensated dispersion can be enhanced 
in the dispersion compensation of the single-mode optical 
fiber defined by ITU-T G. 652, whereby the input optical 
power required for transmission is lowered. As a result, 

20 the transmission quality can be restrained from 

deteriorating because of nonlinear optical effects. 
[0021] Preferably, the optical fiber satisfies the 
relationship of n[0] >n[l], n[l] <n[2], and n[i] > n[i+l] 
(Vi = 2, 3, . . ., 2+m; where m is a natural number) . This 

25 can negatively enhance the structural dispersion over a wide 

wavelength band. As a result, a dispersion characteristic 
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suitable for dispersion compensation over a wide range can 
be realized. 

[0022] Preferably, the optical fiber exhibits a 
transmission loss of 3 dB/km or less in the predetermined 
5 wavelength band. Since the transmission loss is low in this 

case, the amount of compensated dispersion can be enhanced 
in the dispersion compensation of the single-mode optical 
fiber defined by ITU-T G. 652, whereby the input optical 
power required for transmission is lowered. As a result, 

10 the transmission quality can be restrained from 

deteriorating because of nonlinear optical effects. 
[0023] In another aspect, the present invention provides 
an optical fiber comprising a core region extending along 
a predetermined axis, and a cladding region surrounding the 

15 core region. This optical fiber exhibits a dispersion 

nonflatness of 0.003 ps/nm 2 /km or less at zero dispersion 
in a predetermined wavelength band having a width of at least 
50 nm. 

[0024] In another aspect, the present invention provides 
20 an optical fiber comprising a core region extending along 

a predetermined axis, and a cladding region surrounding the 
core region. This optical fiber exhibits a dispersion 
nonflatness of 0.004 ps/nm 2 /km or less in a predetermined 
wavelength band having a width of at least 50 nm, whereas 
25 the chromatic dispersion in the predetermined wavelength 

band is an anomalous dispersion having an average value of 
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+20 ps/nm/km or less. 

[0025] In another aspect, the present invention provides 
an optical fiber comprising a core region extending along 
a predetermined axis, and a cladding region surrounding the 
5 core region. This optical fiber exhibits a dispersion 

nonflatness of 0.006 ps/nm 2 /km or less in a predetermined 
wavelength band having a width of at least 50 nm, whereas 
the chromatic dispersion in the predetermined wavelength 
band is a normal dispersion having an average value of -20 

10 ps/nm/km or greater. 

[0026] In another aspect, the present invention provides 
an optical fiber comprising a core region extending along 
a predetermined axis, and a cladding region surrounding the 
core region. The optical fiber comprises a first category 

15 fiber segment having a dispersion nonflatness of 0.007 

ps/nm 2 /km or less and an anomalous chromatic dispersion with 
an average value of +1 ps/nm/km or greater in a predetermined 
wavelength band having a width of at least 50 nm and a second 
category fiber segment having a dispersion nonflatness of 

20 0.007 ps/nm 2 /km or less and a normal chromatic dispersion 

with an average value of -1 ps/nm/km or less in the 
predetermined wavelength band. 

[0027] In another aspect, the present invention provides 
an optical fiber comprising a core region extending along 
25 a predetermined axis, and a cladding region surrounding the 

core region. This optical fiber comprises a fiber segment 
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having one end and the other end. In the fiber segment, 
the optical fiber exhibits a dispersion nonf latness of 0 . 007 
ps/niti 2 /km or less in a predetermined wavelength band having 
a width of at least 50 nm. The chromatic dispersion at a 
5 predetermined wavelength is an anomalous dispersion of +1 

ps/nm/km or greater at one end, and continuously decreases 
from one end to the other end. The chromatic dispersion 
at the other end is not greater than half of that at one 
end at the predetermined wavelength. 
10 [0028] In another aspect, 'the present invention provides 

an optical fiber comprising a core region extending along 
a predetermined axis, and a cladding region surrounding the 
core region. Letting D(A) be the chromatic dispersion with 
respect to each wavelength A included within a predetermined 
15 wavelength band having a width of at least 250 nm, and F(A) 

be the function defined by 

F ( A) = aA" 4 + bA" 2 + c + dA 2 + eA 4 

a = -24.495 [ ps/nm/ km/jam" 4 ] 

b = -54.564 [ps/nm/km/ym -2 ] 
20 c = 35.069 [ps/nm/km] 

d = 1.8867 [ps/nm/ km/jam 2 ] 

e = 0.80887 [ps/nm/km/pm 4 ] , 

a function G(A, x) is defined as 

G (A, x) = | ( F (A) + xD(A))/(l + x) |, and 
25 the optical fiber gives a positive number x satisfying the 

relationship of G(A, x) < 0.25 [ps/nm/km]. 
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[0029] Preferably, letting T[N+1] pm be the radial 
thickness of the (N+l ) -th region, the optical fiber satisfies 
the relationship of 

T[N + 1]- V«[0] 2 -n[N + l] 2 > 1 .0. 
5 This can reduce the optical confinement loss caused by the 

cladding region, thus making it possible to realize a low 
transmission loss . 

[0030] Preferably, in the optical fiber, each sub-region 
made of an auxiliary medium included in the first to (N+l ) -th 
10 regions is arranged in a hexagonal form in a cross section 

perpendicular to the predetermined axis. 

[0031] The present invention will become more fully 
understood from the detailed description given hereinbelow 
and the accompanying drawings. They are given by way of 
15 illustration only, and thus should not be considered 

limitative of the present invention. 
BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a view showing an optical fiber as seen from 
a side thereof; 

20 Fig. 2 is a sectional view showing a cross section 

of an optical fiber in accordance with first to fifth 
embodiments, taken along a plane perpendicular to a fiber 
axis (predetermined axis) X; 

Fig. 3 is a graph showing an example of chromatic 

25 dispersion characteristic of the optical fiber in accordance 

with the first embodiment; 
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Fig. 4 is a view for explaining a method of making 
an optical fiber; 

Fig. 5 is a view for explaining the method of making 
an optical fiber; 
5 Fig . 6 is a view for explaining another method of making 

an optical fiber; 

Fig. 7 is a graph showing three examples of chromatic 
dispersion characteristic of optical fibers in accordance 
with the second embodiment; 
10 Fig. 8 is a graph showing wavelength dependence 

characteristics of effective core area in the three optical 
fibers shown in Fig. 7; 

Fig. 9 is a view schematically showing the structure 
of an optical fiber in accordance with the third embodiment; 
15 Fig. 10 is a view schematically showing the structure 

of an optical fiber in accordance with the fourth embodiment; 

Fig. 11 is a graph showing an example of chromatic 
dispersion characteristic of a transmission line including 
an optical fiber in accordance with the fifth embodiment; 
20 Fig. 12 is a graph showing an example of chromatic 

dispersion characteristic of a transmission line including 
an optical fiber in accordance with the fifth embodiment; 

Fig. 13 is a graph showing an example of chromatic 
dispersion characteristic of a transmission line including 
25 an optical fiber in accordance with the fifth embodiment; 

Fig. 14 is a sectional view showing a cross section 
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of an optical fiber in accordance with sixth and seventh 
embodiments, taken along a plane perpendicular to a fiber 
axis (predetermined axis) X; 

Fig . 15 is a graph showing three examples of confinement 
5 loss in optical fibers in accordance with the sixth 

embodiment; 

Fig. 16 is a graph showing an example of confinement 
loss in an optical fiber in accordance with the seventh 
embodiment; 

10 Fig. 17 is a graph showing another example of 

confinement loss in an optical fiber in accordance with the 
seventh embodiment ; 

Fig. 18 is a graph showing another example of 
confinement loss in an optical fiber in accordance with the 

15 seventh embodiment; and 

Figs. 19 and 20 are sectional views showing modified 
examples of a cross section of an optical fiber, taken along 
a plane perpendicular to a fiber axis (predetermined axis) 
X. 

2 0 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0032] In the following, embodiments of the present 
invention will be explained in detail with reference to the 
accompanying drawings . In the explanation of the drawings, 
constituents identical to each other will be referred to 

25 withnumerals identical to each other without repeating their 

overlapping descriptions . 
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[0033] Fig. 1 is a view showing an optical fiber 10 in 
accordance with a first embodiment as seen from a side thereof . 
Fig. 2 is a sectional view showing a cross section of the 
optical fiber 10 shown in Fig. 1, taken along a plane 
5 perpendicular to a fiber axis (predetermined axis) X. 

[0034] As shown in Figs . land 2, the optical fiber 10 extends 
along the fiber axis X . The optical fiber 10 is mainly formed 
from a main medium. Within the cross section perpendicular 
to the fiber axis X, the optical fiber 10 includes a plurality 

10 of sub-regions formed from an auxiliary medium having a 

refractive index different from that of the main medium. 
[0035] Here, the main medium is a medium which can construct 
an optical fiber by itself. For example, glass and polymers 
can be used therefor . The auxiliary medium is a medium which 

15 is not required to construct an optical fiber by itself. 

For example, liquids, gases, and vacuum may be used therefor 
in addition to glass and polymers. 

[0036] This embodiment employs glass as the main medium, 
and a gas (inert or active gas) as the auxiliary medium. 

20 Typical examples of the inert gas include air, N 2 , Ar, Ne, 

and He. An example of the active gas is H 2 . More 
specifically, this embodiment employs silica glass as the 
main medium, and air as the auxiliary medium. Air as the 
auxiliary medium is encapsulated under a predetermined 

25 pressure into voids formed in silica glass so as to extend 

along the fiber axis . When an active gas such as H 2 is employed 
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as the auxiliary medium, an optical amplification can be 
realized . 

[0037] For the main medium, pure silica glass (not 
intentionally doped with impurities ) can typically be used. 
5 However, silica glass may be doped with at least one of Ge, 

F, CI, B, Al, and Ti, so as to form a profile of material 
refractive index. With such doping, light can be guided 
by the profile of material refractive index, even if voids 
are collapsed, for example, by a fusion-splice to another 

10 optical fiber, whereby an optical fiber yielding a low 

fusion-splicing loss can be realized. Also, silica glass 
may be doped with Ge and irradiated with ultraviolet rays, 
so as to form a grating. This forms a fiber grating device, 
which can be utilized as an optical filter or optical power 

15 equalizer. Also, the silica glass may be doped with at least 

one of Ge, P, N, and Bi, so as to enhance nonlinear refract ive 
index. This can lower the optical power required for 
generating supercontinuum light, and change the Raman 
scattering spectrum so as to realize an optical fiber 

20 suitable as a Raman amplification medium over a wide band. 

When silica glass is doped with at least one of Er, Yb, Nd, 
and Pr, an optical amplification characteristic can be 
realized . 

[0038] With reference to Fig. 2, the optical fiber 10 will 
25 further be explained. A core region 12 including no voids 

is disposed at the center of the optical fiber 10. A cladding 
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region 14 is provided so as to surround the core region 12. 
The cladding region 14 comprises a first region 16 
surrounding the core region 12, a second region 18 
surrounding the first region 16, a third region 20 
5 surrounding the second region 18, a fourth region 22 

surrounding the third region 20, and a fifth region 24 
surrounding the fourth region 22. An outer peripheral 
region 26 is provided at the outer periphery of the fifth 
region 24 . The first to fifth regions 16 to 24 and the outer 

10 peripheral region 26 are disposed concentrically with the 

fiber axis X. The first region 16 includes 6 voids 28. The 
second region 18 includes 12 voids 30. The third region 
20 includes 18 voids 32. The fourth region 22 includes 24 
voids 34. The fifth region 24 includes 30 voids 36. The 

15 outer peripheral region 2 6 includes no voids. The voids 

28 to 36 are substantially disposed on lattice points of 
a hexagonal lattice, while yielding the same pitch A between 
adjacent voids. Therefore, the voids included in each of 
the first to fifth regions 16 to 24 are arranged in a hexagonal 

20 form in a plane perpendicular to the fiber axis X in the 

optical fiber 10. 

[0039] The voids 28 to 36 have sizes adjusted to desirable 
values. Letting n[0] be the average refractive index of 
the core region 12, and n[k] (k = 1, 2, 3) be the average 
25 refractive index of the k-th region 16 to 20 included in 

the cladding region 14, this optical fiber satisfies the 
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15 



20 



relationship of 

n[i] > n[i+l] (Vi = 0, 1, 2) (1) 
Here, "Vi = 0, 1, 2" means that the formula is satisfied 
with any value taken from 0, 1, and 2. 

[0040] Here, the average refractive index n avg of a region 
constituted by M kinds of medium j ( j = 1, . . . , M) is defined 
by 



avg 



Z" 2 M/D] 




1/2 



(2) 



where N [ j ] is the refractive index of the medium j , and f [ j ] 
is the volume thereof. 

[0041] Preferably, in the optical fiber 10 in accordance 
with this embodiment in particular, the cladding region 14 
includes the fourth region 22 surrounding the third region 
20, whereas the average refractive index n[4] of the fourth 
region 22 and the average refractive index n[3] of the third 
region 20 satisfy the relationship of 

n[3] < n[4] . (3) 
[0042] Preferably, the optical fiber 10 in accordance with 
this embodiment exhibits a dispersion nonf latness of at least 
0 ps/nm 2 /km but not greater than 0.003 ps/nm 2 /km at zero 
dispersion in a predetermined wavelength band having a width 
of at least 50 nm but not greater than 100 nm. 
[0043] Here, the dispersion nonflatness U in a wavelength 
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band Ai to A 2 is represented by 

U = (D max - D min )/ |A 2 - Ail (4) 
where D max and D min are the maximum and minimum values of 
chromatic dispersion in the wavelength band Ai to A 2 , 
5 respectively. In particular, it is referred to as 

dispersion nonflatness at zero dispersion when D min < 0 < 

[0044] An example of sizes of the voids 28 to 36 in the 
optical fiber 10 having the structure mentioned above will 

10 now be listed. For example, the voids 28, 30, 32, 34, and 

36 have respective diameters of 0.49 ym, 0.706 jam, 0.86 ym, 
0.60 ym, and 0.60 ym. The pitch A between voids adjacent 
to each other is 1.6 ym. Therefore, assuming that silica 
glass and air have refractive indices of 1 .444 and 1, 

15 respectively, the average refractive index n[0] of the core 

region 12 is 1.444, whereas the first to third regions 16 
to 20 exhibit respective average refractive indices n[l], 
n[2], andn[3] of 1.4117, 1.3761, andl.3419, thus satisfying 
the above-mentioned expression (1) . The fourth region 22 

20 exhibits an average refractive index n [4 ] of 1.3953, thereby 

satisfying the above-mentioned expression (3) . The fifth 
. region 22 exhibits an average refractive index n [5] of 1 . 3953, 
whereas the outer peripheral region 2 6 shows an average 
refractive index of 1.444. 

25 [0045] Fig. 3 is a graph showing the chromatic dispersion 

characteristic of the optical fiber 10 exemplified above. 
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As shown in Fig. 3, the chromatic dispersion falls within 
the range from -0.5 ps/nm/km to +0.5 ps/nm/km within the 
wavelength range from 1 . 3 yua to 1 . 8 ym, whereas the dispersion 
nonflatness at zero dispersion is at least 0 ps/nm 2 /km but 
5 not greater than 0.002 ps/nm 2 /km. 

[0046] Two methods of making the optical fiber 10 having 
the above-mentioned structure will now be explained. 
[0047] In the first method, as shown in Fig . 4, a cylindrical 
sintered glass body 40 having an outer diameter of 60 mm 

10 is formed with 6, 12, 18, and 54 (24 + 30) holes 44 having 

diameters of 2.12 mm, 3.05 mm, 3.72 ram, and 2.59 mm, 
respectively, with a boring device 42 at equally spaced 
intervals, so as to be placed on lattice points of hexagonal 
lattices. Subsequently, the glass sintered body 40 is 

15 heated so that its outer diameter is reduced to 5 mm, and 

then it is integrated with a glass tube having an inner 
diameter of about 5 mm and an outer diameter of 36 mm, so 
as to form a preform. Then, as shown in Fig. 5, the preform 
is drawn while being heated with a heater 46, so as to yield 

20 an optical fiber 48 having an outer diameter of 100 |om. After 

forming the holes 44 in the glass sintered body 40, inner 
faces of the holes 44 can be etched, so as to make an optical 
fiber yielding low absorption loss and scattering loss due 
to impurities and roughness in the surfaces of holes. 

25 [0048] In the second method as shown in Fig . 6, on the other 

hand, a glass rod 50 having an outer diameter of 0.72 mm, 
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and 6, 12, 18, and 54 (24 + 30) four kinds of glass capillary 
tubes having inner/outer diameters of 0.22 mm/0 . 72 mm, 0 . 32 
mm/0.72 mm, 0.39 mm/0.72 mm, and 0.27 mm/0.72 mm, 
respectively, are bundled together and put into an 
5 overcladding tube 54 having an outer diameter of 36 mm, so 

as to form a preform. This preform is drawn, so as to yield 
an optical fiber having an outer diameter of 80 ]am. 
[0049] Operations and effects of the optical fiber 10 in 
accordance with this embodiment will now be explained. 

10 [0050] In the optical fiber 10 in accordance with this 

embodiment, the cladding region 14 comprises the three layer 
regions 16 to 20 satisfying the relationship of the 
above-mentioned expression (1), and consequently, the 
spread of light into outer regions increases as the 

15 wavelength is longer . Hence, the dispersion characteristic 

at a shorter wavelength is influenced by an inner part of 
the cladding region 14, whereas the dispersion 
characteristic at a longer wavelength is influenced by an 
outer part of the cladding region 14 . Therefore, the degree 

20 of freedom in adjusting the chromatic dispersion and the 

adjustable wavelength range increase, and the sensitivity 
of dispersion nonflatness to scale fluctuations in the 
waveguide structure can be reduced. As a result, the 
dispersion nonflatness caused by fiber diameter 

25 fluctuations along the fiber axisX can be suppressed. Also, 

such a structure of the optical fiber 10 is suitable for 
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making a plurality of kinds of optical fibers having 
different average dispersion values with a flattened 
dispersion by drawing them from a preform while changing 
the fiber diameter. This enables production of diversified 
5 products while suppressing the increase in cost. Further, 

such an optical fiber structure is suitable for drawing an 
optical fiber from perform while changing the fiber diameter 
with an amplitude above a predetermined value in a 
longitudinal direction, thereby easily making a 

10 dispersion-managed fiber usable over a wide band. 

[0051] Preferably, in the optical fiber 10 in accordance 
with this embodiment in particular, the cladding region 14 
includes the fourth region 22 surrounding the third region 
20, whereas the average refractive index n[4] of the fourth 

15 region 22 and the average refractive index n[3] of the third 

region 20 satisfy the relationship of the above-mentioned 
expression (3) . This enhances the spread of light into the 
outer part of the cladding region 14 at a longer wavelength, 
thus improving the controllability of dispersion 

20 characteristic at a longer wavelength, thereby making it 

possible to realize a flattened dispersion characteristic 
over a wider wavelength band. 

[0052] Preferably, in the optical fiber 10 in accordance 
with this embodiment, the dispersion nonflatness at zero 
25 dispersion is at least 0 ps/nm 2 /km but not greater than 0 . 003 

ps/nm 2 /km in a predetermined wavelength band having a width 
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of at least 50 run but not greater than 1000 nm. This can 
suppress the waveform distortion when transmitting an 
optical signal occupying a wide wavelength band, thus making 
it possible to realize an optical fiber suitable for 
5 transmitting short-pulse light. 

[0053] A second embodiment of the present invention will 
now be explained. Here, constituents identical to those 
explained in the above-mentioned first embodiment will be 
referred to with numerals identical thereto, without 

10 repeating their overlapping descriptions. 

[0054] The optical fiber 10 in accordance with the second 
embodiment is the same as that in accordance with the 
above-mentioned first embodiment in terms of media and 
arrangement of voids, but differs therefrom in sizes of 

15 individual parts. 

[0055] Sizes and pitches of the voids 28 to 34 are adjusted 
to desirable values . Letting n [0] be the average refractive 
index of the core region 12, and n[k] (k = 1, 2, 3, 4) be 
the average refractive index of the k-th region 16 to 22 

20 included in the cladding region 14, the relationship of 

n[i] > n[i+l] (Vi = 0, 1, 2, 3) (5) 
is satisfied. 

[0056] An example of ratios of diameters di to d 4 of the 
voids 28 to 34 to the pitch A in the optical fiber 10 having 
25 the above-mentioned structure will be listed . For example, 

di/A = 0.30625, d 2 /A = 0.44125, d 3 /A = 0.5375, and d 4 /A = 
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0.937 5. In the voids 3 6 in the fifth region 2 4 , d 5 /A= 0.9375. 
Therefore, assuming that silica glass and air have refractive 
indices of 1 . 444 and 1 / respectively, the average refractive 
index n [0] of the core region 12 is 1 .444, whereas the first 
5 to fourth regions 16 to 22 exhibit respective average 

refractive indices n[l], n[2], n[3], and n[4] of 1.4117, 
1.3761, 1.3419, and 1.1046, thus satisfying the 
above-mentioned expression (5) . The fifth region 24 
exhibits an average refractive index n [5] of 1.1046, whereas 
10 the outer peripheral region 26 shows an average refractive 

index of 1.444. 

[0057] Fig. 7 is a graph showing chromatic dispersion 
characteristics of three kinds of optical fibers (optical 
fibers 10A, 10B, 10C) when the void pitch A is 1.595 pin, 

15 1.73 jam, and 1.495 pm, respectively. 

[0058] Within the wavelength range from 1.26 \im to 1.66 
Vim, the optical fiber 10A (indicated by circles in Fig. 7) 
exhibits a chromatic dispersion of -0.44 ps/nm/km to +0.53 
ps/nm/km, and a dispersion nonflatness of 0.0024 ps/nm 2 /km 

20 at zero dispersion. Thus, the dispersion nonflatness at 

zero dispersion is preferably at least 0 ps/nm 2 /km but not 
greater than 0.003 ps/nm 2 /km in a predetermined wavelength 
band having a width of at least 50 nm but not greater than 
1000 nm. This can suppress the waveform distortion when 

25 transmitting an optical signal occupying a wide wavelength 

band, thus making it possible to realize an optical fiber 
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suitable for transmitting short-pulse light. 
[0059] Within the wavelength range from 1.26 ym to 1.66 
pm, the optical fiber 10B (indicated by squares in Fig. 7) 
exhibits a chromatic dispersion of +7.62 ps/nm/km to +9.00 
5 ps/nm/km, and a dispersion nonf latness of 0 . 0034 ps/nm 2 /km. 

Within the wavelength range from 1 . 4 pia to 1 . 7 ym, the optical 
fiber 10B exhibits a chromatic dispersion of +8 . 74 ps/nm/km 
to +9.00 ps/nm/km, and a dispersion nonf latness of 0.00088 
ps/nm 2 /km. Thus, preferably, the dispersion is at least 

10 0 ps/nm 2 /km but not greater than 0.004 ps/nm 2 /km in a 

predetermined wavelength band having a width of at least 
50 nm but not greater than 1000 nm whereas the chromatic 
dispersion in the predetermined wavelength band is an 
anomalous dispersion having an average value of at least 

15 0 ps/nm/km but not greater than +20 ps/nm/km. This can 

realize an optical fiber suitable for soliton transmission 
over a wide band, wavelength-division multiplexing 
transmission (WDM transmission) over a wide band, and 
supercontinuum light generation over a wide band. 

20 [0060] Within the wavelength range from 1.26 ym to 1.66 

ym, the optical fiber 10C (indicated by triangles in Fig. 
7 ) exhibits a chromatic dispersion of -7 . 90 ps/nm/km to -5 . 67 
ps/nm/km, and a dispersion nonf latness of 0 . 0056 ps/nm 2 /km. 
Within the wavelength range from 1.28 ym to 1 . 6 ym, the optical 

25 fiber 10C exhibits a chromatic dispersion of -7 . 78 ps/nm/km 

to -6.50 ps/nm/km, and a dispersion nonf latness of 0.0040 
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ps/nm 2 /km. Thus, preferably, the dispersion is at least 
0 ps/nm 2 /km but not greater than 0.006 ps/nm 2 /km in a 
predetermined wavelength band having a width of at least 
50 nm but not greater than 1000 nm whereas the chromatic 
5 dispersion in the predetermined wavelength band is a normal 

dispersion having an average value of at least -20 ps/nm/km 
but not grater than 0 ps/nm/km. This can realize an optical 
fiber suitable for WDM transmission over a wide band and 
supercontinuum light generation over a wide band. 

10 [0061] As shown in Fig. 8, each of the optical fibers 10A 

to 10C (indicated by circles, squares, and triangles, 
respectively, in Fig. 8) has an effective core area of 6 
pm 2 to 12 pm 2 in the wavelength band from 1.2 pm to 1.7 pm. 
Therefore, the optical fibers 10A to 10C are suitable for 

15 applications of nonlinear optical effects such as 

supercontinuum light generation. 

[0062] A third embodiment of the present invention will 
now be explained. Here, constituents identical to those 
explained in the above-mentioned first and second 

20 embodiments will be referred to with numerals identical 

thereto, without repeating their overlapping descriptions . 
[0063] The optical fiber 10 having a uniform structure in 
a direction along the optical fiber 10 is explained in the 
above-mentioned first and second embodiments . By contrast, 

25 as shown in Fig. 9, the optical fiber 60 in accordance with 

the third embodiment comprises a first category fiber segment 
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62, a second category fiber segment 64, and a transitional 
segment 66 connecting the first and second category fiber 
segments 62, 64. The first category fiber segment 62 
exhibits a dispersion nonflatness of at least 0 ps/nm 2 /km 
5 but not greater than 0.007 ps/nm 2 /km in a predetermined 

wavelength band having a width of at least 50 nm but not 
greater than 1000 nm, whereas the chromatic dispersion in 
the predetermined wavelength band is an anomalous dispersion 
having an average value of at least +1 ps/nm/kmbut not greater 

10 than +30 ps/nm/km. The second category fiber segment 64 

exhibits a dispersion nonflatness of at least 0 ps/nm 2 /km 
but not greater than 0.007 ps/nm 2 /km in the predetermined 
wavelength band, whereas the chromatic dispersion in the 
predetermined wavelength band is a normal dispersion having 

15 an average value of at least -30 ps/nm/km but not greater 

than -1 ps/nm/km. 

[0064] The optical fiber 10B explained in the second 
embodiment can be employed for the first category fiber 
segment 62. The optical fiber 10C explained in the second 
20 embodiment can be employed for the second category fiber 

segment 64. 

[0065] In the transitional segment 66, the cross-sectional 
structure of the fiber continuously changes along the fiber 
axis X between the first category fiber segment 62 and the 
25 second category fiber segment 64 while substantially keeping 

a proportional form. 

28 



FP03-0173-00 



[0066] A set of such first category fiber segment 62, 
transitional segment 66, second category fiber segment 64, 
and transitional segment 66 may form a unit segment, and 
a fiber may be constituted by a plurality of unit segments 
5 aligning along the fiber axis X. In this case, the length 

LI of the first category fiber segment 62 and the length 
L2 of the second category fiber segment 64 preferably satisfy 
L1:L2 = 6.8:8.3. Typically, LI and L2 are 500 m to 50 km. 
[0067] In the optical fiber 60, the average value of 
10 chromatic dispersion in the wavelength band from 1.26 pm 

to 1.66 \im is -0.91 ps/nm/km to +0.84 ps/nm/km, whereas the 
dispersion nonflatness at zero dispersion is 0.0044 
ps/nm 2 /km. 

[0068] As such, the optical fiber 60 in accordance with 
15 this embodiment can realize a dispersion-managed fiber which 

can suppress the transmission quality deterioration caused 
by nonlinear optical effects and chromatic dispersion over 
a wide band in the WDM transmission and soliton transmission . 
[0069] A fourth embodiment of the present invention will 
20 now be explained. Here, constituents identical to those 

explained in the above-mentioned first to third embodiments 
will be referred to with numerals identical thereto, without 
repeating their overlapping descriptions. 
[0070] The optical fiber 10 having a uniform structure in 
25 a direction along the fiber axis X is explained in the 

above-mentioned first and second embodiments. The optical 
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fiber 60 having two kinds of structures is explained in the 
third embodiment. By contrast, as shown in Fig. 10, the 
cross-sectional structure of the optical fiber 70 in 
accordance with the fourth embodiment continuously changes 
5 along the fiber axis X from one end 72 to the other end 74 

of the optical fiber 70. 

[0071] In the optical fiber 70,. the dispersion nonflatness 
is at least 0 ps/nm 2 /km but not greater than 0.007 ps/nm 2 /km 
in a predetermined wavelength band having a width of at least 

10 50 nm but not greater than 1000 nm, whereas the chromatic 

dispersion in the predetermined wavelength band at one end 
72 is an anomalous dispersion of at least +1 ps/nm/km but 
not greater than +30 ps/nm/km. The chromatic dispersion 
continuously decreases from one end 72 to the other end 74, 

15 so that the chromatic dispersion at the other end 74 is not 

greater than half of that at one end 72. As the fiber 
structure at one end 72, the cross-sectional structure of 
the optical fiber 10B explained in the above-mentioned second 
embodiment can be used. As the fiber structure at the other 

20 end 74, the cross-sectional structure of the optical fiber 

10A explained in the above-mentioned second embodiment can 
be used. 

[0072] In the optical fiber 70, the chromatic dispersion 
. within the wavelength range from 1.2 6 pm to 1.66 ym changes 
25 from about 8 ps/nm/km to 0 ps/nm/km. 

[0073] As described above, the optical fiber 70 in 
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accordance with this embodiment can realize a 
dispersion-decreasing optical fiber suitable for 
generating supercontinuum light with a high coherence over 
a wide band. 

5 [0074] A fifth embodiment of the present invention will 

now be explained. Constituents identical to those 
explained in the above-mentioned first to fourth embodiments 
will be referred to with numerals identical thereto, without 
repeating their overlapping descriptions. 

10 [0075] The optical fibers 10D to 10F in accordance with 

the fifth embodiment are the same as that in accordance with 
the above-mentioned first embodiment in terms of media and 
arrangement of voids, but differ therefrom in sizes of 
individual parts. 

15 [0076] Sizes and pitches of the voids 28 to 34 are adjusted 

to desirable values . Letting n [ 0] be the average refractive 
index of the core region 12, and n[k] (k = 1, 2, 3, 4) be 
the average refractive index of the k-th region 16 to 22 
included in the cladding region 14, the optical fiber 10D 

20 satisfies the relationship of 

n[i] > n[i+l] (Vi = 0, 1, 2, 3). (6) 
On the other hand, the optical fibers 10E, 10F satisfy the 
relationship of 

n[0] > n[l], n[l] < n[2], and n[i] > n[i + l] (Vi = 

25 2, 3) . 

(7) 
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[0077] An example of ratios of diameters di to d 4 of the 
voids 28 to 34 to the pitch A in the^ optical fibers 10D to 
10F having the above-mentioned structures will be listed. 
For example, di/A=0.42, d 2 /A=0.43, d 3 /A=0.63, and d 4 /A 
5 = 0.95 in the optical fiber 10D. Therefore, assuming that 

silica glass and air have refractive indices of 1.444 and 
1, respectively, the average refractive index n[0] of the 
core region 12 is 1.444, whereas the first to fourth regions 
16 to 22 exhibit respective average refractive indices n [ 1] , 

10 n[2], n[3], and n [ 4 ] of 1.3826, 1.3796, 1.3017, and 1.0941, 

thus satisfying the above-mentioned expression (6). 
[0078] For example, di/A = 0.50, d 2 /A = 0.40, d 3 /A = 0.60, 
and d 4 /A = 0.95 in the optical fiber 10E. Therefore, n[0] 
= 1.444, n[l] = 1.3561, n[2] = 1 .3884, n[3] = 1.3156, and 

15 n[4] = 1.0941, thus satisfying the above-mentioned 

expression (7) . 

[0079] For example, di/A = 0.60, d 2 /A = 0.41, d 3 /A = 0.60, 
and d 4 /A = 0.95 in the optical fiber 10F. Therefore, n[0] 
= 1 .444, n[l] = 1.3156, n[2] = 1.3884, n[3] = 1.3156, and 

20 n[4] = 1.0941, thus satisfying the above-mentioned 

expression (7) . In each of the optical fibers 10D to 10F, 
the average refractive index n[5] of the fifth region 24 
equals n [4 ] whereas the average refractive index of the outer 
region 26 is 1.444. 

25 [0080] Fig. 11 is a graph showing the average chromatic 

dispersion of the whole transmission line constituted by 
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the optical fiber 10D in which the pitch A of voids is 1.5 
Vim and a single-mode optical fiber exhibiting the chromatic 
dispersion F(A) represented by the expression of 

F(A) = aK' A + bA~ 2 + c + dA 2 + eA 4 
5 a = -24.495 [ps/nm/ km/um" 4 ] 

b = -54.564 [ps/nm/km/|im" 2 ] 

c = 35.069 [ps/nm/km] 

d = 1 . 88 67 [ps/nm/km/iom 2 ] 

e = 0.80887 [ps/nm/kra/ym 4 ] (8) 
10 which are combined such that the ratio of their lengths is 

x : 1 . The average chromatic dispersion G (A, x ) in the whole 
transmission line is given by the following expression (9) : 

G(A, x) = |(F(A) + xD(A))/(l + x) | (9) 
[0081] Here, x is chosen so as to become 0.544. 
15 [0082] When the optical fiber 10D is combined with a 

single-mode optical fiber at a length ratio of 1:0.544 so 
as to construct a transmission line, the absolute value of 
average chromatic dispersion in the transmission line can 
be made smaller than 0.25 ps/nm/km within the wavelength 
2 0 range from 1.38 jam to 1.66 jam. Thus, when the optical fiber 

10D is combined with a single-mode optical fiber having the 
chromatic dispersion represented by the above-mentioned 
expression (8) at a predetermined length ratio, the absolute 
value of average chromatic dispersion in the whole 
25 transmission line can be made at least 0 ps/nm/km but smaller 

than 0 . 25 ps/nm/km in a predetermined wavelength band having 
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a width of at least 250 nm but not greater than 1000 nm. 
Therefore, an optical fiber suitable for dispersion 
compensation over a wide band can be realized. 
[0083] Fig. 12 is a graph showing the average chromatic 
5 dispersion of the whole transmission line constituted by 

the optical fiber 10E in which the pitch A of voids is 1.47 
pm and a single-mode optical fiber exhibiting the chromatic 
dispersion F(A) represented by the above mentioned 
expression (8) which are combined such that the ratio of 
10 their lengths is x:l. Here, x is chosen so as to become 

0.2316. 

[0084] When the optical fiber 10E is combined with a 
single-mode optical fiber at a length ratio of 1:0.2316 so 
as to construct a transmission line, the absolute value of 

15 average chromatic dispersion in the transmission line can 

be made smaller than 0.25 ps/nm/km within the wavelength 
range from 1.38 pm to 1.68 pm. Thus, when the optical fiber 
10E is combined with a single-mode optical fiber having the 
chromatic dispersion represented by the above-mentioned 

20 expression (8) at a predetermined length ratio, the absolute 

value of average chromatic dispersion in the whole 
transmission line can be made at least 0 ps/nm/km but smaller 
than 0.25 ps/nm/km in a predetermined wavelength band having 
a width of at least 250 nm but not greater than 1000 nm. 

25 Therefore, an optical fiber suitable for dispersion 

compensation over a wide band can be realized. 
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[0085] Fig. 13 is a graph showing the average chromatic 
dispersion of the whole transmission line constituted by 
the optical fiber 10F in which the pitch A of voids is 1 . 375 
jam and a single-mode optical fiber exhibiting the chromatic 
5 dispersion F(A) represented by the above mentioned 

expression (8) which are combined such that the ratio of 
their lengths is x:l. Here, x is chosen so as to become 
0.096. 

[0086] When the optical fiber 10F is combined with a 

10 single-mode optical fiber at a length ratio of 1:0.096 so 

as to construct a transmission line, the absolute value of 
average chromatic dispersion in the transmission line can 
be made smaller than 0.25 ps/nm/km within the wavelength 
range from 1 . 38 }im to 1.64 ]am. Thus, when the optical fiber 

15 10F is combined with a single-mode optical fiber having the 

chromatic dispersion represented by the above-mentioned 
expression (8) at a predetermined length ratio, the absolute 
value of average chromatic dispersion in the whole 
transmission line can be made at least 0 ps/nm/km but smaller 

20 than 0.25 ps/nm/km in a predetermined wavelength band having 

a width of at least 250 nm but not greater than 1000 nm. 
Therefore, an optical fiber suitable for dispersion 
compensation over a wide band can be realized. 
[0087] A sixth embodiment of the present invention will 

25 now be explained. Here, constituents identical to those 

explained in the above-mentioned first to fifth embodiments 
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will be referred to with numerals identical thereto, without 
repeating their overlapping descriptions. 

[0088] As shown in Fig. 14, the optical fiber 11 in 
accordance with the sixth embodiment has the same 
5 configuration as with the optical fiber 10 in accordance 

with the second embodiment (see Fig. 2) except that the fifth 
region 24 constituting the cladding region 14 is not 
included . 

[0089] Therefore, letting n[0] be the average refractive 
10 index of the core region 12, and n[k] (k = 1, 2, 3, 4) be 

the average refractive index of the k-th region 16 to 22 
included in the cladding region 14, the above-mentioned 
expression (5) is satisfied. 

[0090] An example of ratios of diameters di to d 4 of the 
15 voids 28 to 34 to the pitch A in the optical fiber 10 having 

the above-mentioned structure will be listed. For example, 
di/A = 0.30625, d 2 /A = 0.44125, d 3 /A = 0.5375, and d 4 /A = 
0.9375. Therefore, assuming that silica glass and air have 
refractive indices of 1 . 444 and 1 , respectively, the average 
20 refractive index n [ 0] of the core region 12 is 1.444, whereas 

the first to fourth regions 16 to 22 exhibit respective 
average refractive indices n[l], n[2], n[3], and n[4] of 
1.4117, 1.3761, 1.3419, and 1.1046, thus satisfying the 
above-mentioned expression (5) . Here, the outer peripheral 
25 region 2 6 shows an average refractive index of 1.444. 

[0091] Here, the light confinement effected by the 
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outermost region in the cladding region 14 becomes stronger 
as the difference in average refractive index between the 
outermost region and the core region 12 is greater, and as 
the radial thickness T of the outermost region is larger. 
[0092] Therefore, letting T [N+l ] jimbe the radial thickness 
of the (N+l) -th region located on the outermost side in the 
cladding region 14, the strength of light confinement by 
the cladding region 14 is evaluated by the following 
parameter C: 



10 C = T[N + 1]- V"[0] 2 - n[N + 1] 2 (10) 

[0093] In the above-mentioned expression (10), n[0] and 
n[N+l] are respective average refractive indices of the core 
region 12 and (N+l)-th region. Here, the optical fiber 11 
in accordance with this embodiment satisfies the 

15 relationship of 

C > 1.0. 

Namely, since the outermost layer of the cladding region 
14 is the fourth region 22, this embodiment satisfies the 
relationship of 

20 C = T[4\ Vw[0f -n[4] 2 > 1.0. 

Therefore, light can fully be conf inedby the cladding region 

14, whereby the optical confinement loss can be reduced. 

As a result, the transmission loss can be lowered. 

[0094] Fig. 15 is a graph showing confinement losses in 

25 three kinds of optical fibers (referred to as optical fibers 

11A, 11B, 11C) in which the pitch A of voids is 1.595 \xm, 
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1.73 pm, and 1.495 ym, respectively. The optical fibers 
11A to 11C have the same configurations and chromatic 
dispersion characteristics as those of the optical fibers 
10A to IOC explained in the second embodiment, respectively, 
5 except for the lack of the fifth region 24. 

[0095] In the optical fiber 11A, the outermost part of the 
cladding region 14 is the fourth region 22 whose thickness 
equals the pitch A of voids, whereas its radial thickness 
T[4] is 1. 595 urn. Here, n[0] isl.444, whereas n[4] is 1 . 1046, 
10 whereby the parameter C indicating the strength of light 

confinement is 1.48, thus satisfying the above-mentioned 
expression (10) . 

[0096] As shown in Fig. 15, it is seen that the optical 
fiber 11A (indicated by circles in Fig. 15) exhibits a low 
15 optical confinement loss of 3.3 * 10" 5 dB/m to 9.0 x 10~ 3 

dB/m within the wavelength band from 1.2 6 jam to 1.66 pm. 
As a result, a transmission loss of 0.1 dB/m or less can 
be realized in this wavelength band. 

[0097] In the optical fiber 11B, the outermost part of the 
20 cladding region 14 is the fourth region 22 whose thickness 

equals the pitch A of voids, whereas its radial thickness 
T[4] is 1.73 jam. Therefore, the parameter C indicating the 
strength of light confinement is 1.61, thus satisfying the 
above-mentioned expression (10). 
25 [0098] As shown in Fig. 15, it is seen that the optical 

fiber 11B (indicated by triangles in Fig. 15) exhibits a 
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low optical confinement loss of 5.3 * 10" 6 dB/m to 1.8 * 
10" 3 dB/m within the wavelength band from 1.2 6 jjm to 1.66 
\im. As a result, a transmission loss of 0.1 dB/m or less 
can be realized in this wavelength band. 
5 [0099] In the optical fiber 11C, the outermost part of the 

cladding region 14 is the fourth region 22 whose thickness 
equals the pitch A of voids, whereas its radial thickness 
T[4] is 1.495 ym. Therefore, the parameter C indicating 
the strength of light confinement is 1.39, thus satisfying 

10 the above-mentioned expression (10) . 

[0100] As shown in Fig. 15, it is seen that the optical 
fiber 11C (indicated by squares in Fig. 15) exhibits a low 
optical confinement loss of 1.4 * 10~ 4 dB/m to 3.1 x 10" 2 
dB/m within the wavelength band from 1.26 jam to 1.66 ym. 

15 As a result, a transmission loss of 0.1 dB/m or less can 

be realized in this wavelength band. 

[0101] A seventh embodiment of the present invention will 
now be explained. Here, constituents identical to those 
explained in the above-mentioned first to sixth embodiments 
20 will be referred to with numerals identical thereto, without 

repeating their overlapping descriptions. 

[0102] The optical fibers 11D to 11F in accordance with 
the seventh embodiment comprise the same configurations as 
with the optical fibers 10D to 10F explained in the fifth 
25 embodiment, respectively, except that the fifth region 24 

constituting the cladding region 14 is not included. 
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[0103] The optical fibers 11D to 11F in accordance with 
the seventh embodiment also satisfy the relationship of 
C > 1.0 

as explained in the sixth embodiment . Namely, the outermost 
5 part of the cladding region 14 is the fourth region 22, whereby 

this embodiment satisfies the relationship of 

C = T[4] yln[0] 2 -n[4f >1.0. (11) 
Therefore, the cladding region 14 can fully confine light, 
thereby making it possible to lower the optical confinement 

10 loss. As a result, the transmission loss can be lowered. 

[0104] In the optical fiber 11D, the outermost part of the 
cladding region 14 is the fourth region 22 whose thickness 
equals the pitch A of voids, whereas its radial thickness 
T [4 ] is 1 . 5 ym. Here, n [0] is 1.444, whereas n[4] is 1.1046, 

15 whereby the parameter C indicating the strength of light 

confinement is 1.41, thus satisfying the above-mentioned 
expression (11) . 

[0105] As shown in Fig. 16, it is seen that the optical 
fiber 11D (indicated by squares in Fig. 15) exhibits a low 
20 optical confinement loss of 3.5 x 10" 4 dB/m to 1.9 * 10" 2 

dB/m within the wavelength band from 1.38 pjn to 1.66 pm. 
As a result, a transmission loss of 0.1 dB/m or less can 
be realized in this wavelength band. 

[0106] In the optical fiber HE, the outermost part of the 
25 cladding region 14 is the fourth region 22 whose thickness 

equals the pitch A of voids, whereas its radial thickness 
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T[4] is 1.47 jam. Therefore, the parameter C indicating the 
strength of light confinement is 1.39, thus satisfying the 
above-mentioned expression (11). 

[0107] As shown in Fig. 17, it is seen that the optical 
5 fiber HE exhibits a low optical confinement loss of 2.1 

x 10" 3 dB/m to 1.5 x 10" 1 dB/m within the wavelength band 
from 1.38 pm to 1.68 jam. As a result, a transmission loss 
of 1 . 0 dB/m or less can be realized in this wavelength band. 
[0108] In the optical fiber 11F, the outermost part of the 

10 cladding region 14 is the fourth region 22 whose thickness 

equals the pitch A of voids, whereas its radial thickness 
T[4] is 1.375 vim. Therefore, the parameter C indicating 
the strength of light confinement is 1.30, thus satisfying 
the above-mentioned expression (11) . 

15 [0109] As shown in Fig. 18, it is seen that the optical 

fiber 11F exhibits a low optical confinement loss of 1.8 
x 10~ 2 dB/m to 1 . 0 dB/m within the wavelength band from 1 .38 
pinto 1.64 jam. As a result, a transmission loss of 3.0 dB/m 
or less can be realized in this wavelength band. 

20 [0110] Without being restricted to the above-mentioned 

embodiments, the present invention can be modified in various 
manners . 

[0111] In the above-mentioned first embodiment, the 
cladding region 14 is explained in terms of a three-layer 
25 structure composed of the first to third regions 16 to 20 

as a region satisfying the above-mentioned expression (1) . 
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However, four or more layers of a region satisfying the 
above-mentioned expression (1) may be provided. 
[0112] In the above-mentioned fourth embodiment, any 
optical fibers including a fiber segment such as the one 
5 shown in Fig, 10 and having respective cross-sectional 

structures continuous to those at one end 72 and the other 
end 74 maybe fusion-spliced to these ends, so as to construct 
an optical fiber. 

[0113] A configuration in which the core region includes 
10 an area made of an auxiliary medium is also possible. 

[0114] Also, the voids included in each of the first to 
fifth regions 16 to 24 may be arranged in a polygonal form 
in a cross section perpendicular to the fiber axis X, e.g., 
in a square form (or parallelogram form) as shown in Fig. 
15 19. 

[0115] Also, as shown in Fig. 20, the voids included in 
each of the first to fifth regions 16 to 24 may be arranged 
in a circular form in a cross section perpendicular to the 
fiber axis X. 

20 [0116] As explained in detail in the foregoing, the present 

invention can provide an optical fiber which can increase 
the degree of freedom in adjusting chromatic dispersion and 
the adjustable wavelength range. 

[0117] From the foregoing explanations of the invention, 
25 it will be obvious that many variations of the invention 

are possible. Such variations are not to be regarded as 
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a departure from the spirit and scope of the invention, and 
all such modifications as would be obvious to one skilled 
in the art are intended to be included within the scope of 
the following claims. 
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